Abstract Purpose: The high molecular weight and binding affinity of trastuzumab, a monoclonal antibody in use for treatment of breast cancers overexpressing human epidermal growth factor receptor type 2 (HER2), in combination with microenvironmental factors, may limit its distribution and efficacy. We assessed and mapped the distribution of systemically given, unlabeled trastuzumab at micrometer resolution in tumor xenografts using immunohistochemistry. Experimental Design: Mice bearing MDA-435/LCC6 HER2 xenografts were given single doses of 4 or 20 mg/kg unlabeled trastuzumab with tumor harvest at various time points thereafter; bound trastuzumab was imaged directly in tumor cryosections using fluorescently tagged antihuman secondary antibodies. Combinations of additional markers, including HER2, 5-bromo-2-deoxyuridine, CD31, DioC 7 (3), desmin, and collagen IV were also mapped on the same tumor sections.
Many anticancer agents may have limited efficacy due to their inability to distribute in tumor tissue and expose all cells to therapeutic doses (1) . Tumor cells exhibit uneven responses to anticancer therapy due to their proximity to vasculature and microenvironment where factors such as oxygen and nutrient availability influence drug sensitivity. Tumor vascular abnormalities that contribute to inefficient drug penetration include large and variable intervascular distances, complex and tortuous branching patterns, lack of lymphatic vessel drainage, and irregular vascular phenotypes related to maturity, angiogenic capacity, size, perfusion, and permeability (for a review, see ref.
2). These contributing abnormalities create regions of irregular or intermittent blood flow, slowed interstitial fluid velocity, and often elevated interstitial fluid pressure (3) . The extravascular compartment of tumors is also highly variable and abnormal, with tumor-specific extracellular matrix density, characteristics and expression patterns (4 -6) , presence or absence of stromal tissues, such as inflammatory cells (7), and altered tumor cell expression of antigen, receptors (8) , or structures for transport of drug into or out of tumor cells (9) .
With this veritable gauntlet of factors capable of inhibiting access of drugs to their target tumor cells, in addition to pharmacokinetic variable such as consumption and metabolism of diffusing drugs, it is not surprising that many small molecule cancer therapeutics have shown evidence of poor tumor tissue penetration in both in vitro and in vivo model systems, including doxorubicin (10), gemcitabine (11) , docetaxel, and paclitaxel (ref. 12 ; for a recent review, see ref. 1) . Monoclonal antibodies can face added difficulties due to their high molecular weights, target specificity, kinetics of metabolism and internalization, as well as the patterns of antigen expression in combination with target-binding affinity (13, 14) .
The human epidermal growth factor receptor type 2 (HER2) is overexpressed in 20% to 30% of all invasive breast carcinomas and is a prognostic factor of an aggressive tumor phenotype, increased relapse, and decreased overall survival (15) . HER2 status is determined in patient tissue samples by pathologic analysis using fluorescence in situ hybridization and immunohistochemistry; patients classified as positive for HER2-overexpressing breast cancer are candidates for, and have been shown to benefit from, therapy that includes a humanized monoclonal antibody against HER2, trastuzumab (Roche; refs. 16 -19) .
Several methods for investigating extravasation and tissue penetration of HER2-targeting antibodies and antibody fragments have been previously reported, including the use of fluorescent or radiolabeled drug preparations for imaging of tumor sections (20) , intravital scintigraphic imaging (21), single-photon emission computed tomography (22) , positron emission tomography (23) , and magnetic resonance imaging (24) . Additionally, the in vivo pharmacokinetics of trastuzumab have been analyzed at the single-molecule level using trastuzumab-conjugated fluorescent nanoparticles, called Q-dots, along with intravital imaging (25) . Such studies can provide practical insight regarding strategies for the design of new immunotherapeutics and for the optimization of dosing and delivery regimes to result in maximal tissue penetration.
In this study, we show a quantitative approach to the study of trastuzumab penetration in tumors by directly imaging systemically administered, unlabeled trastuzumab in xenograft tumors using fluorescently tagged anti-human secondary antibodies on tissue cryosections. The microregional location of bound trastuzumab is then mapped in relation to several microenvironmental features, including vasculature, indicators of microvessel structural and functional integrity, HER2 expression, and cellular proliferation. This is the first study describing distribution of unlabeled trastuzumab in the context of the tumor microenvironment at micrometer resolution.
Materials and Methods
Reagents. Trastuzumab (2.2 mg/mL; Hoffman-La Roche) was provided by the British Columbia Cancer Agency pharmacy; dilutions were prepared in sterile 0.9% NaCl before injection. 5-Bromo-2-deoxyuridine (BrdUrd; Sigma Chemical), 30 mg/mL solution in 0.9% NaCl, was used to label S-phase cells. The fluorescent dye DioC 7 (3) (Molecular Probes), 0.6 mg/mL dissolved in 75% (v/v) DMSO:25% sterile H 2 O, was given i.v. as a marker of vessel perfusion (26) .
Cells and cell culture. MDA-435/LCC6 cells (LCC6) and LCC6 cells stably transfected by electroporation with the mammalian expression vector pREP9 (Invitrogen) containing the 4.3-kb full-length human normal c-erbB2 cDNA to yield LCC6 HER2 or with the empty vector pREP9 to yield LCC6
Vector cells were kindly provided by Dr. Wieslawa Dragowska (British Columbia Cancer Research Center). Cells were maintained as monolayers using MEM/EBSS (HyClone) supplemented with 10% bovine growth serum (HyClone) and passaged every 3 to 4 days. Cells were selected using media containing 500 Ag/mL G418. Cellular HER2 overexpression was ascertained by flow cytometry, as previously described (27) .
Mice and tumors. Female, nonobese, diabetic, severe combined immunodeficient NOD-SCID mice were bred and maintained in our institutional specific pathogen -free animal facility in accordance with the Canadian Council on Animal Care guidelines. The experiments described in this manuscript were approved by the Animal Care Committee of the University of British Columbia. Mice were allowed free access to standard laboratory rodent food and water and were used between 8 and 24 weeks of age, weighing between 20 and 28 g. LCC6 HER2 and LCC6 Vector single cell suspensions (50 AL of 1.6 Â 10 8 cells/mL) were implanted s.c. into the sacral region of mice. Mice were randomly assigned to experimental groups when their tumors reached 100 to 150 mm 3 as measured using calipers of three orthogonal diameters (a, b , and c ) using the formula volume: p/6(abc ). Trastuzumab was administered via i.p. injection. Two hours before tumor excision, all mice were administered an S-phase marker at 1,500 mg/kg BrdUrd i.p.; 5 min before euthanasia and tissue excision, all mice were administered an i.v. perfusion marker of 75 AL 0.6 mg/mL DioC 7 (3) .
Immunohistochemistry. Immediately after excision, tumors were frozen on an aluminum block held at -20jC, embedded in optimum cutting temperature (Tissue-TEK), and stored at -20jC until sectioning. All transverse sections were taken perpendicular to the cranial-caudal axis; serial step cryosections were obtained at 1-mm intervals. The general immunohistochemical procedure used has been previously reported (11) . Briefly, 10-Am tumor cryosections were cut with a Cryostar HM560 (Microm International GmbH), air-dried, imaged for native DioC 7 (3) fluorescence, and fixed in 50% (v/v) acetone/methanol for 10 min at room temperature. All vasculature including nonperfused vessels, were identified using an antibody to PECAM/CD31 (BD PharMingen) with fluorescent Alexa 647 antirat secondary anti-body (Invitrogen). Trastuzumab was visualized using Alexa 546 antihuman secondary antibody (Invitrogen). Tissue sections were always imaged for trastuzumab before staining for HER2. HER2 not previously bound by trastuzumab was detected with a 1:10,000 dilution of 2.2 mg/mL trastuzumab and the same goat antihuman Alexa 546 secondary (Invitrogen) used for systemically given, bound trastuzumab detection. Pericytes were detected using a monoclonal antibody to desmin (clone D33, Signet antibodies) and fluorescent Alexa 488 antimouse secondary antibody (Invitrogen). Collagen IV was stained with a polyclonal antibody to collagen IV (Gene Tex) and antirabbit peroxidase-conjugated antibody (Sigma) developed with metalenhanced 3,3 ¶-diaminobenzidine substrate (Pierce). Slides stained for incorporated BrdUrd were treated with 4 mol/L HCl and neutralized in 0.1 mol/L sodium borate. Immunohistochemical detection used a monoclonal mouse anti-BrdUrd (clone BU33; Sigma) followed by an antimouse peroxidase-conjugated antibody (Sigma) and a metalenhanced 3,3 ¶-diaminobenzidine substrate (Pierce). Slides were then counterstained with hematoxylin, dehydrated, and mounted using Permount (Fisher Scientific) before imaging.
Image acquisition and overlay. The imaging system consisted of two set-ups Grayscale images of trastuzumab and HER2 were overlaid using Adobe Photoshop CS (version 8.0); images of trastuzumab (green channel) and HER2 (red channel) were then combined using the darken mask, resulting in overlapped areas displayed as black. Grayscale CD31 and DioC 7 (3) images were thresholded, and a composite color image was produced (CD31 in dark blue prioritized over DioC 7 (3) in cyan) and overlaid on the images of trastuzumab (red) or combination images of HER2 (red) and trastuzumab (black).
Image analysis. Using the NIH-Image software application and usersupplied algorithms, fluorescent images were inverted and combinations of images of DioC 7 (3), CD31, D33, Coll IV, trastuzumab, HER2, BrdUrd, and hematoxylin staining from each tumor section aligned and cropped to tumor tissue boundaries and staining artifacts were removed. Percentage of positive staining was obtained using the proportion of pixels at intensities meeting or exceeding a threshold value determined to be above background. For distribution analysis relative to vasculature, each pixel in an image was sorted based on its distance relative to CD31-positive vasculature, and the average tissue intensity, in 1.5-Am increments from vasculature, was determined for each tumor. Data is displayed as a combined average of a minimum of four tumors. Data was normalized by subtracting average intensities of control images at each distance. For dual positive-staining analysis of CD31 in combination with additional markers, thresholds were set to identify staining above background, and a minimum of 20% overlap was required to classify CD31 objects as dual labeled. Necrotic tissue was cropped out from hematoxylin-stained sections for all analysis listed above; the proportion of necrotic tissue was obtained by dividing the total number of pixels in images after cropping by the total number of pixels in whole-tumor areas. Where appropriate, charts display means F SE.
Results
The distribution of trastuzumab within HER2 overexpressing xenografts was observed by examining tumors excised at a range of times after i.p. administration. Tumor cryosections were imaged and stained immunohistochemically for combinations of trastuzumab, HER2, endothelial cells, pericytes, collagen type IV, perfusion marker DioC 7 (3), and S-phase cells labeled with BrdUrd. Images of up to five markers were obtained from each tissue section.
Trastuzumab imaged directly in HER2 overexpressing xenografts in combination with immunohistochemical staining for HER2. Cryosections of MDA-435/LCC6
HER2 xenografts from mice administered 20 mg/kg trastuzumab 3 h before tumor recovery ( Fig. 1A and B) are compared with untreated tumors (Fig. 1C and D) . Sections were imaged for the i.v. fluorescent dye, DioC 7 (3), (cyan) before immunostaining for CD31 (dark blue) and trastuzumab (black), which can be seen bound in the treated tumor at limited distances surrounding vasculature; note considerable intervessel heterogeneity with respect to the amount of associated trastuzumab (Fig. 1A) . The same sections were subsequently stained for HER2, which is found to be present homogeneously throughout the field (Fig. 1B and D) . Immunohistochemical staining for HER2 was done on tumors from all experiments to confirm relatively uniform expression (data not shown).
Distribution of trastuzumab over time. Mice bearing MDA-435/LCC6 HER2 xenografts were given single i.p. doses of 4 mg/kg trastuzumab. Representative high resolution composite images for whole tumor sections obtained 2 to 2.5 mm from the tumor edge were generated as described above, with a magnified portion of an untreated control tumor shown in Fig. 2A . Similar images of treated tumors show trastuzumab staining (red) proximal to vasculature (CD31 in dark blue, (Fig. 2B) , well distributed by 24 h (Fig. 2C) , decreased in overall levels at 72 h (Fig. 2D) , and barely detectable above control levels by 120 h (Fig. 2E) . Quantitative analysis was done on whole tumor sections via selection of a threshold for bound trastuzumab staining; the extracellular binding pattern of this marker does not saturate all pixels representative of a cell, and therefore, the 15% positive tissue is not a reflection of the proportion of cells positive for bound trastuzumab but is instead a relative indication of amount of bound drug. Results indicate that after a 4 mg/kg dose, detectable levels are found as early as 3 h, with high levels of bound trastuzumab at 8 to 24 h compared with 72 to 120 h, wherein levels are reduced but are still above background (n = 5 per group; Fig. 2F ).
Heterogeneous distribution of trastuzumab through whole tumors. Mice bearing MDA-435/LCC6
HER2 xenografts were given a single dose of 20 mg/kg trastuzumab with tumor excision at 3 or 26 h. Transverse serial step cryosections (1-mm interval) were obtained for each tumor and were stained as described above. A greater proportion of tumor tissue positive for bound trastuzumab was found in marginal sections (1 mm from the tumor edge) compared with those from more central tumor sections (4 mm from the tumor edge) in both the 3 and 26 h time points, as shown in images of whole-tumor sections ( Fig. 3A and B) . Quantitative analysis of the percentage of pixels stained positively for trastuzumab above threshold is expressed as a function of distance from the tumor edge (Fig. 3C, left) . Additional analysis determined the average intensity of trastuzumab staining as a function of distance from nearest microvessel; data shown are averages for a minimum of four tumors and are normalized by subtracting average untreated control intensities at each distance. After treatment, the average intensity throughout the tumor cord, up to 150 Am from vasculature, is lower in the sections 4 mm from the tumor edge compared with those only 1 mm from the edge in both the 3 and 26 h groups (Fig. 3C, center and right) .
Qualitative observations of individual sections and close examination of bound trastuzumab around individual vessels Research.
on April 13, 2017. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from reveals considerable intervessel heterogeneity. For example, in tumors recovered just 3 h after trastuzumab administration, neighboring vessels that were perfused at the time of tumor recovery [CD31 objects also positive for DioC 7 (3)] or seem to be similar in size may show varying amounts of bound trastuzumab ranging from just a few cell layers to up to 50 Am (Fig. 4A) or may in fact show no bound drug at all (arrows). In tissues that have unsaturated trastuzumab binding even at later time points, there can remain vessels without any trastuzumab (Fig. 3B, arrows) , in addition to vessels with a few layers of perivascular cells staining positive for bound drug (Figs. 3B and 5B). Areas remaining unsaturated with trastuzumab were not consistently located in Fig. 3 . Heterogeneous distribution of trastuzumab through whole tumors. Tumors grown to 8 to 10 mm in diameter were dosed with 20 mg/kg trastuzumab and harvested at 3 h (A) or 26 h (B); 10 Am thick transverse sections were obtained at 1mm intervals from the tumor edge, were imaged for perfusion marker DioC 7 (3) (cyan), and stained for bound trastuzumab (red) and CD31 (dark blue). Examples of vessels with very little or no extravasating trastuzumab are illustrated (green arrows). Those sections obtained closer to the gross tumor edge of both the 3 h (A, left) and 26 h (B, left) show a greater proportion of tissue stained for trastuzumab than the more heterogeneous central sections (A and B, right) . Quantitative analysis shows percentage of pixels positive for trastuzumab in sections at increasing distances from the tumor edge (C, left). The microregional distribution of trastuzumab as a function of distance from vasculature was analyzed on sections obtained 1mm from tumor edge and compared with those at 4 mm; data is shown for tumors harvested at 3 h (C, middle) and 26 h (C, right) after treatment. the center of tumor sections nor do they necessarily have low vascular density or lower rates of perfusion (Fig. 4B) .
Vascular architectural features remain consistent throughout tumors with the exception of vascular association with pericytes. Tumor sections collected as above from mice treated with 20 mg/kg trastuzumab were stained for markers of vascular phenotype in serial step sections (1-mm interval) up to 4 mm from the tumor edge. No differences were found in microvascular density (Fig. 5A, i) . Similarly, no difference was detected in the fraction of perfused vessels or vessels associated with presence of basal lamina, as detected by colocalization of CD31 and DioC 7 (3) or collagen IV, respectively (ii and iii). In contrast, a trend of increased association of D33 staining, a marker of pericytes, was found in association with CD31 in sections closest to the tumor edge (iv).
Tumor microenvironmental features do not significantly change after a single 4 mg/kg dose of trastuzumab. No significant microenvironmental changes were observed in MDA-435/ LCC6 HER2 tumors at time points up to 120 h after a single 4 mg/kg dose of trastuzumab. Quantitative image analysis of cryosections obtained 2 to 2.5 mm from the tumor edge showed no change with time in microvessel density, the fraction of perfused vessels (Fig. 5B, i) Research.
on April 13, 2017. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from positive pixels (ii) or average intensity of staining as a function of distance from blood vessels (data not shown). Although the relative fraction of tissue identified as being necrotic by examination of hematoxylin-stained tissue did not change (iii), the fraction of necrotic tissue staining above threshold for bound trastuzumab does increase with time after treatment (iv).
Discussion
This study presents the first direct visualization of systemically administered trastuzumab in xenograft tumor tissue using immunohistochemistry, an approach that could be useful to many studies investigating distribution of monoclonal antibody therapeutics. This simple technique enabled qualitative and quantitative analysis of trastuzumab distribution to be assessed at high resolution in the context of additional tumor microenvironmental features, including HER2 expression, vasculature, and markers of vascular phenotype.
The tumor model MDA-435/LCC6 HER2 is derived from the MDA-MB-435 cell line, which was formerly thought to be a human breast carcinoma, but genetic profiling has recently revealed it to have melanoma origins (28) . The intention of the present study was to look at trastuzumab penetration and distribution in an in vivo preclinical model of tumor tissue overexpressing the HER2 antigen.
Trastuzumab has previously been shown to have anticancer efficacy against this tumor line (27), although results presented here show no changes in microvessel density, perfusion, proportion of S-phase tumor cells, or necrotic tissue were found up to 120 h after a single 4 mg/kg dose (Fig. 5A) . It was noted, however, that the necrotic regions of treated tumors (72-120 h) had significant levels of bound trastuzumab, but it is unclear if this is a relevant phenomenon or an experimental artifact. Despite limited penetration of trastuzumab at some blood vessels, the majority of tissue is exposed to trastuzumab by 24 h, suggesting that if a measurable effect on tumor cell proliferation were to occur in this model under these conditions, it would be detectable in gross tissue analyses. However, this panel of markers assessing the effects of trastuzumab is not comprehensive and would not necessarily be expected to reflect its activity at such short time points after a single dose. The multimarker, serially immunostained model enabled simplified analysis of multiple markers per tumor section; future studies examining the effects of trastuzumab over prolonged periods with multiple dosage regimens may be able to use a similar system with these or additional pharmacodynamic markers to investigate mechanisms of activity of trastuzumab and relate them to the distribution and retention of bound drug or HER2 expression. Specific immunohistochemical techniques developed by Glazyrin et. al. (19) use trastuzumab as a primary antibody for the detection of HER2 status in untreated clinical samples despite the presence of additional human antibodies; it is possible that these same techniques could be extended to examine the distribution of bound trastuzumab, which could provide highly valuable data regarding the ability of trastuzumab to distribute and accumulate in treated patients. HER2 tumors treated with 20 mg/kg trastuzumab for either 3 or 26 h (A); transverse sections were obtained at 1mm intervals from the tumor edge. No differences are seen in the density of CD31-stained microvessels (Ai), or the fraction of vessels staining dual positive for perfusion marker DioC 7 (3) (Aii), or collagen type IV (Aiii); however, dual staining of CD31with pericyte marker desmin D33 shows a decreasing trend at distances farther from the tumor edge (Aiv). Tumor microenvironmental features were also assessed at longer time points after a single 4 mg/kg dose of trastuzumab (B), with no significant changes in the fraction of perfused vessels (Bi), S-phase cells detected using BrdUrd incorporation (Bii), or the relative fraction of necrotic tumor tissue at time points up to 96 h after administration (Biii); however, the fraction of necrotic tissue that stains positive for bound trastuzumab does increase with time after treatment (Biv). Accumulation of trastuzumab in tumor xenografts has previously been shown to reach peak concentrations within a few days of administration (20, 23, 29, 30) and substantial accumulation in the interstitial space has been detected at 2 h after administration (25) . In this model, results are comparable with detectable levels as early as 3 h, significant levels at 8 to 24 h, and reduction by 72 h after a 4 mg/kg administration (Fig. 2) . This dose was selected due to its use in previous studies with HER2-overexpressing xenograft tumors, as well as its similarity to clinically relevant doses (31, 32) . These results suggest that the model used, MDA-435/LCC6 HER2 , exhibits trastuzumab binding and metabolism characteristics similar to those seen in other models.
Microregional distribution of trastuzumab was found to be heterogeneous, with higher levels of bound drug found in transverse tissue sections obtained proximal to the tumor edge (1 mm) compared with more central sections (4 mm; Fig. 3 ). This heterogeneity is not explained by variable expression of HER2, which was found to be expressed in tumor tissues not bound by systemically administered trastuzumab (Fig. 1) . Considerable intervessel heterogeneity was noted, wherein varying rates of extravasation and extravascular distribution of trastuzumab from tumor vessels were often seen (Figs. 4 and 5) in all areas of the tumor, often with neighboring vessels exhibiting completely different characteristics. Quantitative data was obtained to investigate whether vascular phenotype may be partially responsible for the greater degree of trastuzumab tissue saturation found in sections proximal to the tumor edge. A straightforward explanation for decreased trastuzumab binding in an area would be to show correspondingly lower vascular density or a lack of perfusion in existing vessels; however, analysis of microvessel density and the fraction of perfused vessels displayed no correlating trends through tumor tissue (Fig.  5A, i and ii) . Intermittent changes to perfusion could affect the localized distribution of trastuzumab for individual vessels, although these temporal changes in blood flow are generally considered to be relatively infrequent and of short duration (33) , and given the long half-life of trastuzumab, it is unlikely that intermittent perfusion changes could account for all of the heterogeneity seen with respect to trastuzumab distribution.
Many studies have illustrated the importance of extracellular matrix density and composition in the ability of macromolecules to distribute in the extravascular compartment of tumor tissue (4, 5, 34) , although trastuzumab has been shown to have a relatively large interstitial volume of distribution in some tumor models (6) . In this study, we examined the vascular extracellular matrix layer, the basal lamina, where the presence of collagen type IV showed consistent association with CD31 throughout the tumor, irrespective of trastuzumab saturation (Fig. 3C) . Vascular maturity is also thought to have a significant impact on the stability of tumor vasculature, where pericytes, among other things, regulate vascular diameter and permeability (35, 36) . A trend of fewer microvessels associated with pericytes is found in sections located toward the center of tumors relative to proximal sections (Fig. 3D) , which corresponds to higher trastuzumab saturation in the same sections. No exploration into this association was done in this study, and these data are not considered evidence of a causal relationship. It is plausible, however, that more mature vessels, as indicated by presence of pericytes, could have improved efficiency in delivery of macromolecules to tumor tissue, and further investigations based on this preliminary data may be warranted.
There are multiple reports supporting the binding site barrier hypothesis first proposed by Weinstein et al., which suggests that high antibody affinity and high expression levels of antigen will hinder the penetration of an antibody through tumor tissue via its own successful binding to antigen (37 -39) . In the present study, examination of trastuzumab at progressive time points in this highly overexpressing HER2 model showed that, with time, trastuzumab is able to reach some cells located far from vasculature. Those vessels associated with poor extravascular distribution of trastuzumab did not exhibit noticeably more or less HER2 expression in perivascular cells, suggesting that the degree of associated trastuzumab is not the result of variable HER2 expression.
Elevated interstitial fluid pressure in tumors has also been suggested as partially responsible for poor monoclonal antibody penetration (3, 40, 41) , particularly in the tumor core, where high interstitial fluid pressure principally prevents macromolecular extravasation and also influences interstitial fluid convection. Tumor vessels are otherwise thought to be sufficiently permeable and leaky that the limiting factor for extravasation will be blood flow (42, 43) . As also indicated above, Fig. 4 illustrates that at both early and late time points, trastuzumab was found extravasating from blood vessels in the central regions of tumors, as well as at the periphery in a heterogeneous pattern not isolated to large geographic regions, such as the rim or core.
Factors not considered in this study include rate of blood flow, vascular permeability, and tumor tissue interstitial components that would affect convection and the interstitial diffusion coefficient of trastuzumab. Notwithstanding considerable heterogeneity in trastuzumab distribution in the doses and time points examined, the ability of trastuzumab to penetrate through tissue with time seems relatively efficient in consideration of its high molecular weight and high binding affinity. In most studies evaluating the efficacy of trastuzumab, the therapeutic regimen would involve multiple doses and in combination with its long plasma half life, based on these results, it is plausible that trastuzumab would eventually have the opportunity to access most target cells within a solid tumor. Importantly, however, complete saturation of HER2 binding sites throughout the tumor was not seen in our study, and it is not clear what inhibited its complete distribution. This could have a significant effect on the success of cancer therapy wherein survival of individual cells can lead to tumor repopulation. Further studies examining distribution of trastuzumab after prolonged therapy and investigation of relative changes in pharmacodynamic markers between regions with and without bound trastuzumab could provide clarity regarding whether poor tumor tissue penetration is a mechanism for resistance to trastuzumab.
